Developing cost-effective electrocatalysts for both oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) in basic media is critical to renewable energy conversion technologies. Here, we report a ternary hybrid that is constructed by in situ growth of cobalt selenide (Co 0.85 Se) nanosheets vertically oriented on electrochemically exfoliated graphene foil, with subsequent deposition of NiFe layereddouble-hydroxide by a hydrothermal treatment. The resulting 3D hierarchical hybrid, possessing a high surface area of 156 m 2 g À1 and strong coupling effect, exhibits excellent catalytic activity for OER, which only requires overpotentials of 1.50 and 1.51 V to attain current densities of 150 and 250 mA cm
Broader context
Electrochemical overall water splitting has received considerable attention as a promising strategy to convert the electrical output from renewable resources into chemical fuels, namely oxygen and hydrogen. A key challenge related to overall water splitting is the quest to develop highlyactive and low-cost electrocatalysts with superior durability for both the oxygen evolution reaction and the hydrogen evolution reaction to replace noble metal catalysts. However, to date, only a few materials have been able to catalyse both reactions in the same electrolyte. This study reports on a three-dimensional (3D) strongly coupled ternary hybrid electrode, in which nonstoichiometric cobalt selenide (Co 0.85 Se) nanosheet array and NiFe layered-double-hydroxide (NiFe-LDH) are successively grown on the electrochemically exfoliated graphene (EG) foil. As the result of the 3D nanoarchitecture with high surface area (156 m 2 g À1 ), a strong coupling effect among different components, and open-channels for facile electrolyte transport, the resulting ternary hybrid shows excellent electrocatalytic activity for overall water splitting and stability in basic media. The work represents a significant step towards the development of novel type of 3D ternary hybrid electrocatalysts for electrochemical overall water splitting.
phase of two-dimensional cobalt selenide (Co 0.85 Se) has been rarely studied. 26 The nonstoichiometric Co 0.85 Se has intrinsic half-metallic character (high conductivity) owing to the presence of an overlap between Co 3d and Se 4p spin-up (alpha) electrons, making it uniquely advantaged as an electrocatalyst material. 27 In particular, the nonstoichiometric Co 0.85 Se nanosheets with abundant exposed surface active sites can be beneficial for the overall water splitting in alkaline solution, where the OH À can attach to Co 0.85 Se nanosheets due to the strong electrostatic affinity to the local positively charged Co 2+ and Co 3+ species, and the nearby Co site can facilitate H adsorption, eventually completing the HER process. 21 Besides tailoring the morphology, the fabrication of Co-based hybrid materials can boost the catalytic performance by taking advantage of the strong coupling effects between different components. 24, 28 NiFe layered-double-hydroxide (NiFe-LDH) is probably one of the most ideal candidates for the construction of Co-based (e.g. Co 0.85 Se nanosheets) hybrids owing to its inherent catalytic activity for both the OER and HER associated with the unique layered structure. 29 In this work, for the first time, we report the synthesis of a three-dimensional (3D) strongly coupled ternary hybrid, in which Co 0.85 Se nanosheet array and NiFe-LDH are successively grown on the electrochemically exfoliated graphene (EG) foil (EG/Co 0.85 Se/NiFe-LDH). In such a hybrid system, NiFe-LDH nanosheets with an average thickness of B10 nm are uniformly anchored onto the surface of Co 0.85 Se nanosheet array that are B30 nm thick with a few micrometers in lateral length and perpendicular to the EG foil, in which the graphene nanosheets are highly exfoliated. As a result of the 3D structure with a high surface area (156 m 2 g À1 ), a strong coupling effect among different components, and open-channels for facile electrolyte transport, the resulting EG/Co 0.85 Se/NiFe-LDH hybrid not only exhibits outstanding OER performance with low overpotential (150 and 250 mA cm À2 at 1.50 and 1.51 V), small Tafel slope of 57 mV dec À1 , and excellent stability (410 h), ranking among the most active non-precious OER catalysts, but also effectively catalyzes the HER in basic media. Importantly, an alkaline water electrolyzer in a two-electrode configuration is fabricated, which requires a cell voltage of 1.71 V to reach 20 mA cm À2 . This performance is well comparable to that of the most active integrated Pt/C//Ir/C catalysts (at 1.71 V overpotential) for the overall water splitting. The fabrication process for the EG/Co 0.85 Se/NiFe-LDH hybrid is illustrated in Fig. S1 (ESI †). EG was first prepared via an electrochemical exfoliation treatment on graphite foil in (NH 4 ) 2 SO 4 according to our previous report. 30 The exfoliation time showed a considerable influence on the morphology and final catalytic activity of EG (Fig. S2 , ESI †), and the optimal exfoliation time was found to be 15 s. Subsequently, the obtained EG was employed as a scaffold for the controlled growth of Co 0.85 Se nanosheet array, which was further coated by NiFe-LDH nanosheets via a hydrothermal treatment to form the final product of the EG/Co 0.85 Se/ NiFe-LDH hybrid (see the ESI † for details). The loading amount of NiFe-LDH nanosheets could be readily controlled by changing the NiFe-LDH precursor concentration. Obviously, both increasing and decreasing the concentration of the NiFe-LDH precursor caused the decrease of catalytic activity (Fig. S3, ESI †) . The most optimal synthesis condition gave a material that is denoted hereafter as EG/Co 0.85 Se/NiFe-LDH, unless indicated otherwise. Fig. 1a and b show the field emission scanning electron microscopy (FESEM) images for EG, in which the edge of graphite foil was expanded and a large amount of graphene flakes were exfoliated to form a network of graphene ripples on the surface of graphite foil. Considering that the electrochemical exfoliation process is simple, the fabrication method can easily be scaled up depending on the type and size of the graphite electrode used. For example, a large-size EG foil (15 Â 15 cm 2 ) or flexible EG can be constructed just by using a large graphite foil or a flexible graphite substrate as an electrode (Fig. S4, ESI †) . For EG/Co 0.85 Se, FESEM images reveal that the EG is uniformly covered by the Co 0.85 Se nanosheets with a thickness of B30 nm and a lateral length of a few micrometers (Fig. 1c) . Moreover, the Co 0.85 Se nanosheets appear to be vertically grown on the EG and spatially interconnected (Fig. S5, ESI †) . A closer FESEM observation further discloses that the as-grown nanosheets are open structures and are well attached onto the EG surface (Fig. 1d) . The FESEM images of the EG/Co 0.85 Se/NiFe-LDH demonstrate that numerous layered NiFe-LDHs with an average thickness of B10 nm are directly grown on the surface of EG/Co 0.85 Se nanoarray, resulting in a strong interface contact between NiFe-LDH and Co 0.85 Se on the EG (Fig. 1e, f ) bands of EG in the hybrid (Fig. S11 , ESI †). The calculated peak intensity ratio (I D /I G ) is only 0.11, indicating a low degree of defects in the EG. 34, 35 The band shifts in the FTIR spectra of EG/Co 0.85 Se/NiFe-LDH compared with those of EG/Co 0.85 Se and NiFe-LDH suggest the strong coupling interactions between Co 0.85 Se and NiFe-LDH (Fig. S12 , ESI †). 36 Likewise, a dramatic up-shift of the characteristic FTIR bands was observed after growing Co 0.85 Se nanosheet array on the EG (Fig. S12, ESI †) , probably due to the formation of interfacial covalent C-OÁ Á ÁCo-Se bonding. 37 (Fig. 2d) , an obvious down-shift of the corresponding peak in EG/Co 0.85 Se/NiFe-LDH to 779.6 eV is identified, suggesting a strong electron transfer from NiFe-LDH to Co 0.85 Se. 40, 41 The N 2 adsorption isotherm of the EG/Co 0.85 Se/NiFe-LDH shows a typical type IV curve with an H3-type of hysteresis loop, representing the slit mesopores generated from sheet-like aggregation (Fig. 2e) . 42 The Brunauer-Emmett-Teller (BET) Table S1 , ESI †). The high surface area would provide rich active sites and large contact areas for the electrocatalytic process. Next, the EG/Co 0.85 Se/NiFe-LDH was directly used as an electrode to catalyze the OER (Fig. S15 , ESI †) in a typical three-electrode setup in 1.0 M aqueous KOH solution. For comparison, EG, EG/Co 0.85 Se, EG/NiFe-LDH, and Ir/C were also investigated under the same conditions. Potentials are reported versus the reversible hydrogen electrode (RHE). Prior to water oxidation (before the onset of OER), the oxidation peak at around 1.43 V observed for EG/Co 0.85 Se/ NiFe-LDH can be assigned to the transformation of Ni(II) to Ni (III or IV) species, 43 which is believed to be the active site of NiFe-LDH-based materials for the OER. 19, 33 The EG/Co 0.85 Se/NiFe-LDH exhibited a remarkably high activity with an onset potential of 1.47 V (the start of water oxidation, 44 Fig. 3a) , which was more negative than its counterparts (1.65 V for EG, 1.58 V for EG/ Co 0.85 Se, and 1.49 V for EG/NiFe-LDH). This onset potential was even about 100 mV lower than that of the commercial Ir/C catalyst. The excellent activity of EG/Co 0.85 Se/NiFe-LDH was further confirmed by its explicitly higher current density than that of other reference samples over the entire potential range measured.
For example, the current density of the ternary hybrid at 1.52 V reached 270.9 mA cm
À2
, which was much higher than those of EG/ Co 0.85 Se (11.5 mA cm ), respectively, and even much better than that of the most previous reports under similar conditions (current density up to B200 mA cm À2 at 1.5 V). [19] [20] 45, 46 Moreover, the mass activities of EG/Co 0.85 Se/NiFe-LDH, EG/Co 0.85 Se, and EG/NiFe-LDH at 1.52 V , respectively. Of note, bare EG foil with a small amount of oxygen functional groups and few structural defects 47 ( Fig. S16 and S17, ESI †) contribute to the partial catalytic activity (Fig. 3a and Fig. S2 , ESI †) in the hybrid, which is different from traditional substrates (such as Ni foam, 48 ACP (Fig. S18 , ESI †), and glassy carbon electrodes 49 ) with negligible activity. The C atoms adjacent to the substituted oxygen groups may function as active sites by redistributing their charge and spin density for water dissociation 50 due to the high electro-negativity of O species (Fig. S2 , ESI †). 51 Besides, the above OER results demonstrate that both EG/Co 0.85 Se and EG/ NiFe-LDH have higher catalytic activity than the EG (Fig. 3a) , indicating that both Co 0.85 Se and NiFe-LDH can be the active centers to boost the OER. Since the activity of EG/Co 0.85 Se without NiFe-LDH only accounts 6.4% of the hybrid according to the mass activity at 1.52 V, the NiFe-LDH should be the main active species in the EG/Co 0.85 Se/NiFe-LDH for catalyzing the OER. For driving a current density of 150 mA cm
, the commercial Ir/C catalyst requires an overpotential of more than 1.80 V. As a comparison, the OER activity of EG/Co 0.85 Se/NiFe-LDH outperforms this noble metal, with merely 1.50 and 1.51 V to achieve the current densities of 150 and 250 mA cm À2 , respectively. Such performance is not only greater than that of most of the previously reported non-precious metal OER electrocatalysts (Table S2, Further catalytic kinetics evaluation can be seen from the Tafel plots (Fig. 3b) (Fig. S19, ESI †) . The EG/Co 0.85 Se/NiFe-LDH has a lower conductivity (higher resistance) but a higher catalytic activity than EG and EG/Co 0.85 Se, confirming that the introduced NiFe-LDH contributed to the improvement of the overall catalytic activity. Fig. 3d presents the impressive OER stability of EG/Co 0.85 Se/NiFe-LDH, with 200 mA cm À2 anodic current at B1.52 V for over 10 h without obvious degradation. Moreover, the ternary hybrid maintained nearly the similar polarization curve after the chronopotentiometry measurement for 10 h (inset of Fig. 3d ). Afterwards, we examined the electrocatalytic activity of EG/ Co 0.85 Se/NiFe-LDH for the HER in 1.0 M KOH (Fig. S20, ESI †) . EG/Co 0.85 Se/NiFe-LDH exhibited a high electrocatalytic activity with a small onset potential of À0.24 V (Fig. 4a) , beyond which the cathodic current density rose rapidly under more negative potentials with substantial current density of 13.6 mA cm , respectively, which is favorably comparable with that of many previously reported noble metal-free HER electrocatalysts in basic media, including recently developed Co (Fe, or Ni)-based catalysts as well as some MoS 2 -based catalysts (Fig. S21, ESI †) . The Tafel slope and exchange current density (calculated by extrapolation using the Tafel plot, 54 and reflected intrinsic rates of electron transfer between the solution and electrode 55 ) of EG/Co 0.85 Se/NiFe-LDH were determined to be 160 mV dec À1 and 0.22 mA cm ), implying a more rapid HER rate for the EG/Co 0.85 Se/NiFe-LDH electrode (Fig. S22, ESI †) . 56, 57 Moreover, the ternary hybrid showed a similar polarization curve after 1000 cycles compared with the initial one (Fig. 4b) , with negligible loss of cathodic current density, confirming the excellent stability of the EG/Co 0.85 Se/NiFe-LDH towards the HER Encouraged by the excellent OER and HER results, we accordingly assembled a water electrolyzer in 1.0 M KOH, whose anode and cathode both comprised EG/Co 0.85 Se/NiFe-LDH. Continuous gas bubbling was observed on both electrodes throughout the test (Fig. S23, ESI †) . Remarkably enough, the overall water-splitting using EG/Co 0.85 Se/NiFe-LDH required a lower overpotential of 1.67 V to afford 10 mA cm À2 (1.71 V at 20 mA cm
, Fig. 4c ), in contrast to over 1.90 V overpotential for Ir/C//Ir/C electrodes and over 1.75 V overpotential for Pt/C//Pt/C electrodes (Table S3, ), the ternary hybrid exhibited superior stability in the long-term electrochemical process. For instance, at a current density of 20 mA cm À2 , the overpotential of EG/Co 0.85 Se/NiFe-LDH remained stable at B1.73 V for electrolysis over 10 h (Fig. 4d) . In contrast, the overpotential of Ir/C (+, anode)//Pt/C (À, cathode) increased considerably from 1.71 V to 1.75 V (B40 mV shift at 20 mA cm
) during 10 h. The high activity and excellent stability of the 3D EG/ Co 0.85 Se/NiFe-LDH can be attributed to the following aspects: (I) intrinsic merits and strong coupling effects of the three components contribute to the high activity and stability. The in situ growth of Co 0.85 Se nanosheet array and NiFe-LDH on the EG foil enables intimate contact and strong adhesion in the hybrid. No obvious change on the structure and chemical composition of the hybrid before and after electrochemical water splitting tests was observed based on XRD and XPS studies ( Fig. S24 and S13 , ESI †). (II) The direct integration of NiFe-LDH on Co 0.85 Se nanosheets grown on EG ensures efficient charge transport among three components in the hybrid, which can be confirmed by electrochemical impedance spectroscopy (EIS) studies (Fig. S25 and S26 , ESI †). The ternary hybrid exhibits a much lower charge transfer resistance than the physical mixture of EG, Co 0.85 Se, and NiFe-LDH, suggesting that more effective shuttling of charges occurs at the heterostructure interfaces. (III) The unique nanoarray structure favors fast vectorial electron-transport along the nanosheets to current collectors, 56 which is supported by the results that the EG/Co 0.85 Se/NiFe-LDH foil exhibits much higher OER activity than its powder-like counterpart (obtained by scratching down the hybrid from graphite foil, Fig. S27, ESI †) . (IV) The 3D hierarchical structure of the vertically oriented EG/Co 0.85 Se/NiFe-LDH nanosheets with high surface area ensures abundant open spaces, which facilitate the diffusion of electrolyte into the active sites and promote rapid release of as-formed gas bubbles.
Conclusions
In summary, a 3D strongly coupled ternary hybrid of EG/Co 0.85 Se/ NiFe-LDH was fabricated by anchoring NiFe-LDH onto the Co 0.85 Se nanosheets vertically aligned on the EG foil. This hierarchical hybrid exhibited excellent OER activity with overpotentials of 1.50 and 1.51 V at current densities of 150 and 250 mA cm À2 , respectively, which were more active than those reported for other non-precious metal OER materials and state-of-art Ir/C catalysts in an alkaline electrolyte. Together with the high HER performance for EG/Co 0.85 Se/NiFe-LDH nanosheets, it is remarkable that an efficient water electrolyzer was demonstrated by using the ternary hybrid as both an anode and a cathode, achieving 20 mA cm À2 at 1.71 V, which was well comparable to that of View Article Online
